INTRODUCTION
Over large spatial and temporal scales, ecosystems are governed by bottom-up forcing, that is, the biomass of top predators is determined by productivity at the lower trophic levels. Under these conditions, positive correlations between time series of predator and prey abundance reflect a stable, resource-controlled trophic structure (Strong 1992) . In both terrestrial and marine ecosystems, however, over-exploitation of top predators can create an imbalance between predator and prey abundances, thereby leading to degraded or negative correlations between adjacent trophic levels (Strong 1992) . Typically, in such situations, as top predators are removed, their prey and/or competitors increase owing to decreased predation and competitive release (Strong 1992; Schmitz et al. 2000; Berger et al. 2001; Worm & Myers 2003; Bascompte et al. 2005) . In some cases, removal of top predators can affect the dynamics of lower trophic levels and transform ecosystems (Frank et al. 2005; Daskalov et al. 2007; Casini et al. 2008) . Large-scale oceanographic variability can exacerbate fishing-induced trophic modifications or directly result in a change in composition and abundance of species (e.g. Stenseth et al. 2006; Cloern et al. 2007; Daskalov et al. 2007; Casini et al. 2008 Casini et al. , 2009 ).
Cascading trophic interactions in large marine ecosystems were documented in a four-level food chain on the eastern Scotian Shelf, Northwest Atlantic (Frank et al. 2005) . There, a decline in the aggregate biomass of top predators (groundfish) resulted in an explosion in both planktivore and macroinvertebrate abundances, which then precipitated declines in the abundance of large herbivorous copepods, increases in phytoplankton standing stock and a decline in essential nutrients. Other heavily exploited, cold water ecosystems to the north of this area responded similarly (Frank et al. 2006) . Farther to the southwest in the Gulf of Maine, a more complex blend of trophic responses has been suggested. Increased stratification (with surface salinity as a proxy) was hypothesized to be the mechanism that enabled a coupled increase in phytoplankton and small copepod biomass (Greene & Pershing 2007) .
Large-scale studies of the trophic dynamics of the eastern Scotian Shelf, Gulf of Maine and other large ecosystems have principally focused on density-mediated (i.e. abundance-driven) interactions and/or environmental forcing as the primary causative factors of trophic change (Strong 1992; Schmitz et al. 2000; Berger et al. 2001; Worm & Myers 2003; Bascompte et al. 2005; Frank et al. 2005 Frank et al. , 2006 Daskalov et al. 2007; Greene & Pershing 2007; Casini et al. 2008 Casini et al. , 2009 ). On the other hand, trait-mediated interactions (e.g. changes in behaviour or body size) also influence the structure of food webs (Werner & Peacor 2003; Schmitz et al. 2004; Woodward et al. 2005; Urban 2007 ). Specifically, body size is recognized as a determinant of trophic structure and energy flow in size-structured ecosystems (Economo et al. 2005; Woodward et al. 2005; Brose et al. 2006) . In many heavily exploited ecosystems, size-selective fishing has led to rapid temporal reductions in the body size of top predators (Bianchi et al. 2000; Olsen et al. 2004; Shin et al. 2005; Greenstreet & Rogers 2006; Swain et al. 2007; Darimont et al. 2009) . Moreover, the rates of phenotypic change in body size and related traits caused by commercial harvesting can be greater than 300 per cent higher than natural rates (Darimont et al. 2009 ). Size reduction of target species is often the direct result of harvest management plans that are typically characterized by reliance on minimum size limits for the target species (Halliday et al. 1992) . Such policies focus fishing effort on larger individuals, yet the consequences of changes in predator size composition on large-scale trophic structure and function remain an outstanding question in ecology (Woodward et al. 2005; Brose et al. 2006) .
In the Northwest Atlantic, the western Scotian Shelf (WSS) ecosystem (figure S1 in the electronic supplementary material) is interposed between the eastern Scotian Shelf, where a top-down response to fishing pressure has been documented, and the Gulf of Maine where a mixed top-down/bottom-up response has been suggested. Over the past three and a half decades, during which time fishing pressure on top predators has been similar to that in adjacent ecosystems, a relatively constant top predator biomass has prevailed on the WSS. Over the same interval, a steady and dramatic reduction in the average body size of top predators has occurred and stratification has increased. Despite the biomass stability at the top trophic level, their prey (forage fish, macroinvertebrate and small benthivore fish) biomass increased, herbivorous copepod abundance declined and phytoplankton increased. Except for the top trophic level, the trophic pattern is reminiscent, yet less severe, of what occurred on the eastern Scotian Shelf (Frank et al. 2005) .
We used 38-year time series to examine the relationship between the changes in prey biomass on the WSS and four potential forcing mechanisms: predator biomass, predator body size, temperature and stratification. We provide evidence consistent with the following hypothesis: trait-mediated interactions, through the decline in body size of predators, were the dominant factors controlling the temporal increase in prey biomass. Increasing water column stratification had a significant but weaker association with increasing prey biomass. Sea surface temperature (SST) and top predator biomass had a negligible influence. We conclude that the energetic efficiency of this ecosystem has been profoundly reduced by the declines in top predator body size. Our study contributes to the understanding of trophic dynamics by demonstrating that trait-mediated effects, generated by preferentially removing the larger fish, can alter ecosystem balances and may trigger trophic cascades of varying intensity.
MATERIAL AND METHODS
(a) Oceanographic data Oceanographic indices were derived from databases available at http://www.mar.dfo-mpo.gc.ca/science/ocean/database/data_ query.html. SST was selected as it affects the growth and availability of food of both prey fish and predatory fish. Further, SST and stratification influence the productivity of lower trophic levels (phytoplankton, zooplankton) as well as the extent of benthic pelagic coupling (the extent of mixing from the surface layers to bottom layers), which in turn affects the productivity of planktivores, small benthivores and macroinvertebrates. As SST increases in the spring, density differences between shallow and deep water create a stratified water column, which is broken down by wind and surface cooling in the autumn. Stratification is measured as the difference in density between 50 and 0 m (kg m
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); large positive values reflect stronger stratification. There is less vertical mixing in the water column in highly stratified water. It has been hypothesized that increased stratification leads to a decrease in turbulence and tends to concentrate plankton in the upper water column, leading to higher productivity (Greene & Pershing 2007) . In contrast, an equally strong argument could be made that increased stratification leads to a lower supply of nutrient-rich deep water to the surface for use by phytoplankton. While the mechanism of how stratification affects organisms is debatable, the increasing trend observed across the shelf as a result of freshening water originating from the Arctic has been identified as an important influence on the physical properties of North Atlantic ecosystems (Greene et al. 2008) .
(b) Lower trophic levels Abundance estimates of herbivorous zooplankton (Calanus finmarchicus, Calanus hyperboreus, Calanus glacialis and copepodites stages I-V), and greenness (an index of phytoplankton levels) were obtained from the Continuous Plankton Recorder (CPR) survey. The sampling details of the CPR survey are contained in the electronic supplementary material.
(c) Higher trophic levels Since 1970, the Canadian Department of Fisheries and Oceans has conducted annual, fishery-independent, scientific research vessel (RV) surveys in July on the Scotian Shelf to assess the distribution and abundance of both commercial and non-commercial species. Details of the sampling methodology are provided in the electronic supplementary material.
We derived biomass (stratified weight per tow) and abundance (stratified number per tow) time series for 53 finfish species from the RV survey database (table S1 in the electronic supplementary material). Abundance information was available for one invertebrate, Homarus americanus (lobster), which has been consistently enumerated and is referred to as 'macroinvertebrate'. Finfish species were divided into functional groups based on their maximum body size (www.fishbase.org) and diet (Shackell & Frank 2007 ) because the size range of top predators is large and variability of body size may be obscured by estimating the average body size of all fish. Each group contains commercial and non-commercial fish species. Since Squalus acanthias (dogfish) is partially migratory (Campana et al. 2007) , we weighted its biomass by 0.5 to reflect its annual residency (Rago et al. 1998) . Following Shackell & Frank (2007) , six finfish functional groups were denoted: small (less than 46 cm), medium (46 cm or more and less than 80 cm) and large (80 cm or more) benthivores (primarily consumers of bottom dwellers), piscivores (primarily consumers of fish, i.e. of planktivores), zoopiscivores (consumers of amphipods, euphausiids and small fish, and planktivores (consumers of zooplankton) (table S1 in the electronic supplementary material). For analyses, we pooled the piscivores, zoopiscivores, medium and large benthivores and refer to them as aggregate top predators (see Frank et al. 2006 for rationale) . Note that the functional groups divide top predators based on maximum size and diet but the definition of their diets should be considered general; most of these top predators eat both invertebrates and fish in varying proportions (Scharf et al. 2000) .
Top predators affect planktivores through predation, and affect small benthivores through predation and competition, but consumption of lobsters by top predators has long been questioned. Convincing evidence was provided from the Gulf of Maine area where predation pressure on larger lobster (50-78 mm carapace lengths) was drastically reduced in the absence of large predatory groundfish such that in areas where there were few predatory groundfish, lobsters were only vulnerable during their earliest life stages (Steneck & Carlton 2001) .
(d) Statistical analysis Our goal was to test whether the aggregate prey biomass responded to intrinsic factors associated with top predator body size, top predator biomass and/or extrinsic oceanographic factors, namely SST and stratification. The model's dependent variable, the aggregate prey biomass, was the sum of the biomasses of planktivores, macroinvertebrates and small benthivores. We did not consider lower trophic levels further because of the 17-year data gap in the phytoplankton and copepod time series.
Each of the independent variables was selected a priori based on its potential influence on prey biomass variability. Top predator body size was the average of the following standardized anomalies: mean length, mean mass and growth of top predator functional groups. The details of estimating size from length frequency distributions are contained in the electronic supplementary material. All variables were log transformed and expressed as standardized anomalies prior to analyses. Standardized anomalies of response and independent variables through time are contained in figure S2 in the electronic supplementary material. The model was aggregate prey biomass t ¼ f(top predator body size t þ stratification t þ top predator biomass t þ SST t ), where t ¼ year.
In our initial explorations, we determined that all predictors were adequately explained using a parametric approach. The 1978 observation was omitted from analysis as it was detected as an outlier during initial analyses by disproportionately influencing regression results. As some of the predictors might have been correlated, we used the variance inflation factor (VIF) to estimate the model stability. Values of VIF 10 represent highly correlated variables. We also report the correlation among model residuals at lag 1, associated Durbin -Watson statistic and boot-strapped p-value in parentheses.
It is reasonable to expect that a response in prey biomass will lag behind its drivers owing to the biological processes of survival, recruitment and reproduction (e.g. Casini et al. 2008) . We explored the effect of lagging predictors on aggregate prey biomass through the use of lagged linear models. The effect of lagging did not change our interpretation of the results appreciably, nor account for more variability; the correlations between the response variable and key predictor variables were of the same magnitude and sign over 1-4-year lags (table S2 in the electronic supplementary material). As Casini et al. (2008) argued, correlations spanning over several lags may reflect cumulative processes that span over several years between the response and independent variables. The simpler model without lags is presented herein.
All analyses were performed using the R statistical software (R Development Core Team 2008) and relevant additional libraries (e.g. Companion to applied regression. R package v. 1.2-12. http://www.r-project.org, http://socserv. socsci.mcmaster.ca/jfox/).
RESULTS AND DISCUSSION
(a) Trends in biomass, abundance and climate Annual removals of commercial groundfish from the WSS averaged close to 85 000 MT during the 1980s and have steadily declined to an average of 40 000 MT during the last decade. Recent survey estimates of the biomass of cod, one of the dominant top predators, are the lowest ever observed. The system appears to be evolving towards a state characteristic of highly perturbed, colder ecosystems to the north (Petrie et al. 2009 ). Despite single species declines, the aggregate biomass of top predators has changed only slightly during the past 38 years (coefficient of variation ¼ 8%; figure 1a ) owing primarily to rapid, compensatory increases within functional groups (Shackell & Frank 2007) .
While the aggregate top predator biomass has remained constant, the aggregate prey biomass has increased by more than 300 per cent since the early 1990s (figure 1b). In the adjacent lower trophic levels, large herbivorous copepods exhibited a declining trend from the early 1970s to the mid-1990s, followed by a recent increase (figure 1c). At the base trophic level, phytoplankton abundance increased from the early 1970s to the mid-1990s and more recently has declined (figure 1c). The climatic regime as represented by SST and stratification was cooler and less stratified in the 1960s. The SST cooled again from the mid-1980s through to the mid-1990s, while stratification showed a generally increasing trend over the time series (figure 1d). Correlations between adjacent trophic levels were weak but consistently negative (r ¼ 20.12 aggregate top predators versus aggregate prey; r ¼ 20.19 planktivores versus herbivorous copepods; and r ¼ 20.40 herbivorous copepods versus phytoplankton). Both plankton time series had 17-year gaps, severely weakening their utility in examining trophic interactions. However, the opposing variability between adjacent trophic levels is consistent with cascading trophic interactions (Frank et al. 2005) . Reductions in body mass ranged from 0.06 kg yr 21 in piscivores to 0.004 kg yr 21 in planktivores (figure 2b).
On a percentage basis, reductions in the volumetric
Shrinking predators led to prey increase N. L. Shackell et al. 1355 body mass for each functional group were more extreme than for linear length. Losses of mass, relative to levels observed during the 1970s, amounted to 59 per cent for the large benthivores, 48 per cent for medium benthivores, 45 per cent for piscivores, while planktivores and zoopiscivores decline 34 and 18 per cent, respectively. The direct measure of growth (mass and length at age 6 as weighted by species biomass within a functional group) underlines the loss of size over time ( figure 2a,b) . For example, a 6-year-old haddock (Melanogrammus aeglefinus) in the 1970s weighed, on average, 2 kg, but declined to 0.8 kg in the 2000s. The current average top predator body size has converged to the size of fish in the next lowest functional group during the 1970s, illustrating the collapse of size structure within top predator functional groups (figure 2).
Since larger predators can consume more prey per unit time than smaller predators (Sørnes & Aksnes 2004) , it is reasonable to assume that larger predators can regulate their prey more efficiently. It is then possible that the declines in predator size (up to 60%) observed in this system resulted in weaker predation pressure, released the prey species from predation and contributed to their 300 per cent increase in biomass. However, planktivore size has declined as well, albeit to a lesser extent. Herring (Clupea harengus) is the dominant component of the planktivore biomass (table S1 in the electronic supplementary material) and are also targeted by size in the fishery. Unlike the top predator groups, planktivore biomass increased substantially so that their decline in size may be a density-dependent response, a response to size-selective fishing, or reflect an increased proportion of younger fish. Nonetheless, smaller predators would now have smaller prey, implying that predator efficiency would be conserved. While the ability of predators to capture prey varies with size (discussed in depth in §3e), it is important to note that predatory ability also depends on physiological condition, which has declined significantly through time in many of the top predators (Shackell & Frank 2007) . Their weakened physiological condition, combined with the highly correlated declines in size, is consistent with the notion that the top predators may now have less impact on their prey.
(c) Prey biomass response to predators and climate The interannual dynamics of the aggregate prey biomass were strongly and significantly accounted for by the top predator body size, less so by the stratification, and not at all by SST or top predator biomass. The majority of variance was captured by top predator size (table 1 and figure 3; figure S3 in the electronic supplementary material). As the top predator body size declined, and stratification increased, the aggregate prey biomass steadily increased (figure 3). The association between top predator size and the response is steeper than that of stratification. If density-mediated interactions between prey and top predators were important in this system, top predator biomass would have been a significant contributor, but it was not. Our empirical results support the notion that reductions in top predator body size through the 1990s (figure 2) were the dominant factor underlying the explosion of prey biomass and that predator size may be indirectly associated with changes at lower trophic levels (figure 1). Furthermore, the results (figure 3) are consistent with the hypothesis that the response of prey to top predator size resulted from the cumulative impact of lower predator per capita consumption of increasingly available prey, combined with the increasing reproductive potential of the prey populations (Casini et al. 2008) .
(d) How stratification might lead to increase in prey Greene & Pershing (2007) hypothesized that increased stratification led to a concentration of phytoplankton in the upper water column owing to a longer residency Table 1 . Results of final model of aggregate prey biomass response to predator size, stratification, predator biomass and SST. Predictors, slopes, slope standard errors (s.e.), slope significance (prob), marginal sums of squares (SS), adjusted R 2 value and variance inflation factor (VIF) are indicated. 'corr among errors' refers to the temporal correlation of residuals from the model at lag 1, and the Durbin -Watson statistic (D-W) represents a test of whether the autocorrelation is significantly different from 0. The boot-strapped p-value is in parentheses. Shrinking predators led to prey increase N. L. Shackell et al. 1357 time. Therefore, stratification may enhance pelagic fish larval survival. Further, if plankton, such as copepods and larval fish, were also concentrated in the upper water column, this would provide adult planktivores with a concentrated food source. While we cannot definitively confirm a mechanism, our results suggest that stratification may contribute to survival, and that the issue should be investigated further.
(e) How top predator size reduction may lead to decline in predatory impact Larger predators can have stronger per capita effects on prey biomass partly because they can consume more prey per unit time than smaller predators (Sørnes & Aksnes 2004) . Larger predators, both within and among species, have been shown to be more successful at capturing prey because they can swim faster, possess higher visual acuity and eat a wider range of prey sizes that may provide a body size refuge beyond which prey are less vulnerable to predation (Cohen et al. 1993; Scharf et al. 2000) . Recently, Biro & Post (2009) provided evidence that a genetic component of growth rate, activity and boldness are positively correlated in trout (Oncorhyncus mykiss). They argued that fast growers, who are also more active, consume with greater risk, are less scared and are thus more vulnerable to size-selective fishing. If growth rate of marine fish is related to activity and boldness, the observed decline in growth rates in this study directly reflects a weakened predatory effect. Using information compiled on FishBase (see the electronic supplementary material), we estimated the relationship between burst swimming speed (swimming that could be maintained for a few seconds only but important for capturing prey) and body length. We found that a reduction from 45 to 35 cm resulted in a 53 per cent decline in burst speed, while a reduction from 40 to 35 cm represented a 25 per cent decline (see the electronic supplementary material). Note that the per cent decline in burst speed assumes a constant length/ weight relationship, which has changed (Shackell & Frank 2007) . For example, cod (Gadus morhua), haddock and pollock (Theragra chalcogramma) currently weigh 5, 9 and 20 per cent less at 45 cm than at the same length at the beginning of the RV survey time series. That is, the estimated per cent decline in burst speed owing to a decline in length is a minimum estimate given the changes in energy reserves at any given length. Fish with higher energy reserves (better physiological condition) could maintain higher burst speeds longer. In effect, diminished energy reserves, as observed in this system (Shackell & Frank 2007) , negatively affect predation rates in addition to reductions in predator size.
(f ) Ecosystem implications
The relationship between size reductions among the top predators and the dynamics of lower trophic levels implies that the WSS ecosystem may now be less energetically efficient than its historical state. New production is typically allocated to assimilation (growth of new tissue) or respiration, and both are related to body size. In principle, smaller fish respire a larger fraction of production than larger fish owing to higher metabolic rates per unit mass (Brown et al. 2004) . As a result, on the WSS, a higher fraction of new production of top predators is now being lost as respiration rather than assimilated as biomass as was once the case. Reductions in the average body size of the predator complex have also occurred elsewhere in the Northern Hemisphere (Bianchi et al. 2000) , often in areas where the biomass of the predator complex has also declined (Frank et al. 2006) . Such ecosystems, characterized by the eastern Scotian Shelf, which have experienced a reduction in both predator biomass and average body size (Shackell & Frank 2007) , are likely to exhibit the strongest trophic cascades.
SUMMARY
A decline in average body size of aggregate top predators was the dominant factor associated with the increase in prey species biomass on the WSS. Stratification may also have contributed to that increase and deserves further investigation. Declines in the abundance of larger zooplankton and increases in phytoplankton concentrations were weakly associated with the increase in prey species, suggesting that a weak trophic cascade has occurred. These conclusions are based on the empirical modelling of a 38-year time series of fish community and oceanographic metrics. A common observation, among systems where interactions among species have been intensively studied, is that there are a few strong and many weak interactions among predator and prey species (Wootton & Emmerson 2005) . In this study, we have not explored the notion that some predators may have a larger impact than others, which may be better accomplished with more highly refined data. However, our results represent a first approximation of the effects of predator size on large-scale ecosystem dynamics and as such, contribute to our understanding of how fishing can alter ecosystems.
The fishery has been highly selective for larger individuals in the population, as can be seen by comparing the RV survey data (what is available for capture) versus what is actually captured (i.e. the commercial catch) ( figure S4 in the electronic supplementary material) . Preferential exploitation of larger fish has produced a suite of smaller top predators whose resultant lowered physiological condition (Shackell & Frank 2007 ) and reduced prey capture ability imply that they can no longer effectively exploit the increased food base available to them. This is true notwithstanding the increased overall abundance of prey. At their current average body size, predators are only exploiting a fraction of the prey complex potentially available, and this, combined with their reduced physiological condition and efficiency, appears to have reduced their prey capture/conversion capacity.
The loss of energetic efficiency owing to a loss in size translates directly into a reduction in the economic value of groundfish through lost production, reduced marketability (small fish fetch lower unit prices) and export restrictions (minimum groundfish length of 43 cm required by markets in the USA). The end result, in addition to the loss of economic value, is an incipient trophic cascade. If body size declines are permanent, the WSS may have entered a new, perhaps irreversible, productivity regime, as has been argued strongly for the Baltic Sea (Casini et al. 2009 ). However, unlike the situation in more northerly northwest Atlantic ecosystems that have experienced trophic destabilization, and where there is no evidence of the recovery of top predators, the WSS may be more resilient (Frank et al. 2006) . Fishery-induced size changes can be reversible (Conover et al. 2009 ) and the top predators of the WSS may yet regain their former predatory role.
